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FOREWORD

This report was prepared by Republic Aviation Corporation
en Contract AF33(038)-12917. RDO No. 664-802, Prevention and
Removal, Ice and Frost, Aircraft Surfaces, is applicable to this
report. It was administered under the direction of the Equip-
ment Laboratory, with D. M. Patterson acting as project engineer,
Je Se Martin, Chief Research Engineer, was responsible for the
administration of this program at Republic Aviation Corporation.
This is the final report on the project; it contains all of the
useful data presented in the previous progress reports.

The author wishes to express his appreciation to W. R.
Bush for his helpful suggestions and guidance throughout the pro-
gram and to H, Tewle for his valuable suggestions and assistance
in the preparation of the material on reflector design. Other
members of the Republic Aviation Corporation staff who, at some
time during this program, contributed by conducting experimental
tests, gathering data and etc., are: Edwerd Lee, Sidney Gravitz,
Herbert A, Grumm, Robert Kamerow, Ronald W. McCaffrey, Joseph L.
Poggie and Robert B. Revenko.
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ABSTRACT

Data are presented herein, useful in the
design o1 inira-red defrosting and deicing
systems. The data can be subdivided into two
main parts. One part deals with the pertinent
physical properties of recelver, reflector,
filter and source materials. The physical prop-
erties include spectral reflection, transmission,
absorption and etc. The data have been gathered
for the wavelength band immediately beyond the
visible, 0.75 to 10.0 microns. The other section
is devoted to methods of predicting the distri-
bution ana magnitude of the radiant energy im-
pPinging on a receiver frowm a source-reflector
combination. Results of an experimental test
on the magnitude and distribution of radiant
energy issuing from a cvilndrical source with-
in a parabolic reflector and impinging on a
plexiglas receiver, are shewn to compare favor-
ably with predicted resuists based upon the data
herein contained.

PUBLICATION REVIEW

This report has been reviewed and is approved.,
FOR THE COMMANDER:

Chief, Equipment Laboratery
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INTRODUCTION

Recent studies have indicated the superiority of infra-
red over other systems for defrosting, anti-icing and de-
icing of certain aircraft cockpit transparent enclosures.

A simple infra-red system for heating panels, may consist
of a radiating source and a reflector to efficiently direct
the radiant energy upon the panel.

The scarcity of infra-red optical data has hindered the
design of infra-red heating systems. The purpose of the
subject research project is to gather and compile this data,
in a form readily usable by the designer. Basic data are
presented on the total and spectral absorption, reflection
and transmission of aircraft transparent materials and water,
frost and ice. Also presented are data on the total and
spectral émissivity of materials suitable for use as a radiat-
ing source and the total and spectral absorption and re-
flection of materials suitable for use as a reflector. 1In
addition, a general analytical method has been developed for
determining the magnitude and distribution of radiant energy
impinging or absorbed by a receiver from any source-reflector
combination.
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SECTION I

PROPERTIES OF PLEXIGLAS AND LUCITE,
GLASS, LAMINATED GLASS AND VINYL

Plexiglas and Lucite, glass, laminated glass and vinyl
are the transparent materials generally used in aircraft
enclosures. The physical laws that govern the reflection,
transmission and absorption of these materials are presented
in this section. Pertinent data, gathered from many sources,
are also presented and discussed.

IERORATICAL Ralationshipg
Of the total incident energy, E, impinging on a transparent

material, a portion, Ep , is reflected another portion, E, , is
absorbed and the remaimnder, E, , is transmitted.

E =Ee+EntEs (1)

l. Reflection

The specular reflection from a polished surface can be
expressed in terms of the polarized rays vibrating parallel and
perpendicular to the incident surface, by Fresnell's equations.

':l = ti”"(L—L')/z‘a,we(d+U) (2)
= a2 (L) aim® (L+ 1) (3)

If the incident energy is composed of equal amounts of
both polarized components, the average reflection can be expressed

asse
r = L[MZG'U) v Al M)J (@)

2 | tawr (i+0) aenB(i+L)

@ = angle of inecidence
{ = angle of refraction

¥ = fraction of incident energy reflected

For the special case of unpolarized, normal incident radiation,
the reflection from the surface of a material immersed in air, is:

r=(n-0(n+1)* (5)
N = refractive index with respect to

air = <deni
Aen
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2. Transmission

Each differential layer of a semi-transparent material
will absorb a constant percent of the radiation entering the
layer. In differential form, the decrease in intensity in pass-
ing thru the differential layer may be expressed ast

dee - _ KE
ia &

E
a %f‘= transmitted light gradient
Eg = intensity of light entering layer
= absorption coefficient

(8)

Integrating the above expression, the radiation transmitted thru
a layer of material, 1is:

o) "-:‘.4,‘ - |

E;"=transmitted radiation energy thru a
thickness of semi-transparent material
(no reflection)

€ = base of natural logarithm

L = thickness of material

8. Absorption

The absorption of radiant energy is calculated in-
directly by use of equation (1) after the reflected and trans-
mitted energy has been determined. If reflection occurred only
at the front surface, the previously presented relationships for
reflection and transmission could be simply applied and the absorbed
energy determined for a pane of transparent material with known
values offyand I . However, due to multiple-reflection, illustrated
in Pig. 1, the relationships are more complicated. Also, at angles
of incidence other than normal to the surface, the increased
radiation path length thru the material must be considered. The
length of the radiation path, 1!, thru the material at various
incident angles may be determined from:

v A
L ® e (8)

Now, the expression for transmission, modified to account for
the incfeased radiation path length, is:

[
(=)
ET.’QE‘t=€ ‘(")EE (9)
The term, g, is defined by equation (9). It is discussed more

fully in Ref. 33. As can be seen from Fig. 1, the total trans-
mitted energy is given by the following infinite series:

Er= €q(-r) [1+ (ra)'s (raYa (rg)+ ----] (10)
AFTR 5874 2




The sum of this infinite series can be expressed as:
(: r)*g

& =F " tray "

Since g<l, and for the materials under consideration the
magnitude of I" is approximately 0.04, the term ( r3)* may be
neglected, yieldings

E, = E(-rYg (12)
Rote that the above expression can be developed directly from
equation (10} by neglecting the transmitted rays other than the

first. A sisilar expression can be derived for the total multi-
ple reflection (See Fig. 1).

2
ra (1-c) (13)
If all but the first reflection is neglected, then:

Eeec ET (14)

Substituting the exact expressions for reflection and transmission
into equation (1), the absorbed energy iss

(1-r)"q
- i flmr= ] (s
And by the approximate relationships:
E4 :EE-"—S('-"‘)'_:, (18)

Experimental and Theoretical Data
l. Reflection

The refractive tndicies of Lucite and Plexiglas as a
function of wavelength are presented in Fig. 2. The refractive
index of glass is shown in Fig. 3. The greater portion of the
available data are for the visible range. The refractive indéx
changes rapidly in the ultraviolet and only slightly in the infra-
red range. This suggests that a constant value of N may be
selected for the infra-red range under investigation for the pur-
pose of engineering calculations. The average value selected for
all the transparent materials investigated isn= 1.48. The vari-
ation in reflection as a function of angle of incidence, based on
equation (4), is shown in Fig. 4. Also shown is a comparison of
reflection values over a range of refractive indicies from 1.44
to 1.52. This range of indicies is greater than the expected vari-
ation of all the materials in the entire test wavelength band. The
greatest variation, at any angle of incidence, between the reflection
at an extreme value of N compared to the mean value of h is but
19 of the incident energy.
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The effect of temperature on index of refraction and hence
on reflection is small as shown in Fig. 5. Within the range of
-85 to +160°F the variation may be neglected for the purpose of
engineering calculations. As an example, the difference in the
first reflection from the glass of Fig. 5 at -85°F compared to
+160°F, calculated from equation 5, is but 0.06°/o of the incident
radiation.

An experimental check of Fresnel's relationship between
angle of incidence and reflection was made on the portable
spectrometer schematically illustrated in Fig. 6 and photographed
with auxillary equipment in rig. 7. The optics are essentially
the same as the Perkin-Elmer 12B spectrometer. The ability to
change the position of the detector, an Eppley Thermopile, permite
measurements of transmission at various angles of incidence other
than zero degreesy measurements which can not be made with a
standard spectrometer. For at angles of 1incidence other than zero
degrees, the ray transmitted thru a transparent material is trans-
lated parallel to the incident ray. In order to measure the true
energy of the transmitted ray, the detector must be translated
a like amount. This is illustrated in Fig. 6. Briefly, the
method employed in these tests consisted of transmission measure-
ments at various angles of incidence from which the percent re-
flection was calculated. It was assumed that the index of re-
fraction was equal to 1.48, and the normal reflection was calcu-
lated from equation (5). The absorption coefficient for the
material under consideration was next determined by a transmission
measurement at normal incidence and substitution of the results in-
to equations (9) and (12). Once the absorption coefficient was
known, the reflection at the various angles of incidence could be
calculated from the test results and equations (9) and (12). Since
this method involves the computation of the absorption coefficient,
a possible source of error, only filters limiting the radiant energy
to band widths of high transparency, for the particulat test spec-
imen, were used. Figs. 8 and 9 show the test results compared
to the theoretical curves obtalned by Fresnel's relationship as
given by equations (2) and (3). The test data follows the general
shape 6f the average theoretical curve but are a few percent low,
This slight deviation may be due to inaccuracy in angle measure-
ment, error in determination of the absorption coefficient, or
possibly slight polarization of incident radiation. The agreement
is sufficient to confirm the use of the theoretical relationship
for calculating the reflection at any angle of inecidence.

Normal spectral reflection measurements of plexiglas, glass

and vinyl specimens were made for Republic Aviation Corporation at
the New York Naval Shipyard with a reflectometer described in Ref. 7.
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The results are presented in Fig. 10. The reflection measured

is the total reflection and hence is affected by thickness and
absorption coefficient. At wavelengths of high absorption, the
reflection decreases because the only contributior is from the
initial ray at the front surface. Although not shown ir this
data, reflection peaks, sometimes occurring near absorption bands,
have negligible effect on the reflection when averaged over a
sizable wavelength band width.

2. Transmission

Experimental spectral transmission tests were made,
by use of a Beckman Spectrometer in the wavelength range between
0.75 and 1.1 microns and a Perkin Elmer Model 12 Spectrometer
was used in the wavelength region between 1.1 and 10.0 microns.
These tests were conducted at the Westinghouse Plant in Bloamfield,
New J’erseﬂ‘.1 S8everal thicknesses of each of the following materials
were tested.

a. Lucite 202

be. Lucite 201

¢c. Plexiglas IA

d. Plexiglas II

e. Glass (annealed and tempered, regular
and water white, manufactured by Libbey-
Owens-Ford and Pittsburgh Plate Glass
Companges)

f. Vinyl bonding material

g. Laminated glass

The results are presented in Figs. 11-20. A comparison of
the data for the methyl methacrylate samples réveals that the
transmission properties are essentially the saie for both the high
and low temperature materiairs and for the products of both manu-
facturers (Figs. 11-14}. This material has very notigseable
absorption bands between 0.75 and 2.2 micronsy beyond 2.2 microns
it can be considered opaque. The transmission properties may be
affected to a slight extent by aging.

Figs. 15-18 show the spectral transmission properties of
plate glass. The transmission decreases sharply at 2.7 microns
and is neglipible after 4.6 microns. A comparison of the trans-
mission of aunealed and tempered glass, both manufactured by
Pittsburgh Plate Glass Company, is shown in Fig. 16. Heat treat-
ing glass does not appreciably change its transmission properties.
Fig. 17 1s a comparison of the transmission of regular glass from
two manufacturers. The Pittsburgh Plate Glass Company regular glass
has a somewhat lower transmission than that of the Libbpy-Owens-Ford
Company probably due to the greater iron content which also gives
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the glass a greener tint. White glass samples from the two
manufacturers are compared in Fig. 18. There is a smaller
variation betweeu the samples of white glass from the two manu~-
facturers than in regukar glass. In general, white glass has a
consiaerably higner transmission than regular glass. Note that
glass samples from the same manufacturer but prepared from
different batches, may difter slightly.

The transmission of the vinyl bonding material, used by
Pittsburgh Plate Glass in the manufacture of laminated glass,
is presented in Fig. 19. There are many sharply defined
absorptioh bands and a large region between 2.7 and 3.8 microns
in which there is no transmissinrn. For the thicker specimens,
transmission may be considered negligible past 2.7 microns.

The transmission of laminated glass is shown in Fig. 20.
A8 caun be observea, the transmission is dependent upon the color
of the glass. The laminated glass was built to Air Force
8pecification No. AN-DD-G-551, Amendment 1, except for the 1 1/2
inch thick specimen which was built to Air Porce Specification
No. 34012. The latter specification is more rigid as to light
transmission in the visible range. It requires a minimum trans-
mission in the yisible range of 80“/; compared to the 708/3 called
for by Specification No. AN-DD-G-551, Amendment 1. To meet the
higher transmission requirements, it is usually necessary for the
manufacturer to use water white glass instead of regular glass.

The transmission of the laminated glass may be predicted
from the data gathered on its components, glass and vinyl. The
internal reflection loss between two materials with approximately
equal indicies of reflection is small. As an example, the loss
at 8 surface formed by two materials ofnh equal to 1.5 and 1.4 is
0.1°/o. Hence in calculating the transmission thru laminated glass,
internal reflection losses can normally be neglected. In this case,
equation (12) becomes:

%’!_ - e“['(,(L.fL'*L.’-‘-)"kv(L‘f L“Q"Lb"'“')](‘—rz

wherein g and the odd number subscripts refer to the glass and

v and the even number subscripts refer to the vinyl. Using a
constant value ofr equal to 0.0375 and the absorption coefficients
as determined in a following section from the glass and vinyl trans-
mission tests, the transmission of the laminated glass was calcu-
lated.nndk comparison or caleulated and test results is presented in
Figs. 21-26. The computed transmission agrees fairly well with

the experimental results. The 1 1/f inch bullet resistant glass,
shows higher transmission than can be calculated, in the wavelength
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region near the visible. It is believed that this is due to the
use of a "whiter® glass than was singly tested.

The variation of the transmission of glass, methyl meth-
acrylate and vinyl with temperature, in the range between -65°F
and 160°F, was checked by use of the portable filter spectrometer,
previously described. The spectrometer was alternately set up
in an oven and refrigerated room to obtain the entire temperature
range. As Fig. 24 shows, there is no appreciable variation in
transmission of any of the test materials in this temperature range.

As a matter of interest, transmission data for the same
materials from other sources are presented in Figs. 25-30.

3. Absorption

The absorption coefficlent, K, may be calculated from
transmission data in several ways by use of equation (12). For
normal incidence, this equation reduces to:

E - KL

£ =¢ @) (18)
Given the transmission of two thicknesses of the same material,
a ratio based on equation (18) may be made which will eliminate
the reflection term as follows?®

A _ et
s/geb - o Kt (19)
e

wherein the subscripts 1 and 2 designate the two different thick-
nesses. Solution of the above equation for K yields:

EY.
K = Lq[? ‘g_] (20)
LZ-LC

Another method, useful when data from more than two or more thick-
nesses are available, is a graphical one. Equation (18) expressed
in logaritm form 1s:

/Zo_a (%I) = ’[’K (l—r\z- KL (21)

Hence, if the transmission is plotted versus length on log-log
paper, the slope of the straight line will represent -K. Also,
the intercept at L = 0, will represent (i-r)*. A third possible
method is to estimater from the index of refraction and solve for
K directly from equation (18). Methods 1 and 2 are extremely
sensitive to the inherent experimental error involved in the high
transmission range. A check revealed that, even with the slight
variation in reflection to be expected, method 3 yielded results
as or more consistent than methods 1 and 2. Usini a value of r" equal
to 0.0375, the absorption coefficiemt for the varlous materials
was determined and plotted in Pig. 21 as a function of wavelength.
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Data c¢ollected from other sources are presented in FPig. 32.
4. Total Transmission and Absorption

Up to now, only spectral transmission, i.e., the per
cent of jincident light, composed of a very narrow wavelength
band that passes through s transparent material, has been
considered. Data of this type Bave Deen presented for a large
range of wavelengths. A radiant source at a particular temper-
ature will radiate varying amounts or energy at each wavelength.
This is discussed more fully in a later section. The total trans-
mission, 1.e. the per cent of the total radiation emitted from
the source that will be transmitted thru the material 1s evidently
a function of the radiating characteristics of the source as well
as the transmission characteristics of the receiver. Knowing both
characteristics, the radiant energy transmitted at each wavelength
may be computed. This result, energy transmitted pertminit wave-
length may be plotted versus wavelength. Integration of this curve
will yield the per cent of the total radiation transmitted. Assum-
ing a constant 4 9% total reflection for glass and plexiglas the
amount of energy absorbed may then be calculated. This last
assumption 1s very closely true when there is very little trans-
mission as in the greater portion of the infra-red region.

The total absorption of various thicknesses of methyl
nethacrg:ate and glass for black body radiation at several temper-
atures have been calculated and the results are shown in Fig. 33.

The absorption of energy in the wavelength region below 0.75 microns
was consldered negliglble. Black body radiation is discussed more
fully in a later section on radiation sources. The greater absorption
of methyl methacrylate as compared to glass 1s noticeable from the
figure. All methyl methacrylate thicknesses considered, absorbed
more o;:{han 90 °/° of the incident energy for source temperatures below
2000°R.

SECTION II
PROPERTIES OF WATER, FROST, ICE AND FOG

The general theoretical relationships on reflection, trans-
mission and absorption, discussed in the previous section, are
applicable to substances mentioned herein.
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l. Reflection

The reflectivity of water as a function of wavelength
is presented in Fig. 34. The reflectivity varies only slightly.
A constant value of!" equal to 2°/° appears to be a good approximation
for use in engineering calculations. This corresponds to an index
of refraetion,n = 1.33.

2. Transmission

Experimental data on the spectral transmission of water
are presented in Figs. 35 and 36. The data were gathered by use of
both a Beckman and Perkin Elmer Spectrometer. The practical trans-
mission limit for water is 1.8 microns. The total transmission of
water as a function of black body source temperature 1is przgonted
in Fig. 37. The data, taken from Ref. 7b indicate that 90"/ of
the incident radiant energy from a black body source at IOOébF will
be absorbed by a layer of water 0.02 inches thick. Calculations,
based upon the spectral transmission data, yilelds 98 9% absorption
of the incident energy for a 104 inch thick water layer.

3. Absorption

The absorption coefficlient calculated from the experimental
transmission data 1s presented in Fig. 38. Similar data from another
source are included in Fig. 31.

Ice

Ice that appears transparent to visible light is known as
clear or glaze ice. It is formed when water freezes slowly permit-
ting the entrapped air to escape. Ice that is not transparent in
the visible range and has the appearance of snow is known as rime
ice. Ice formations are often found within these extreme limits,
and unfortunately an exact classification is difficul¢.

l. Reflection

The normal reflectivity of clear ice is presented in Fig. 34
and is very similar to that of water. The reflectivity of rime
type ice is somewhere between that of clear ice and snow, depend-
ing upon the structure. The reflectivity of snow is discussed in a
following section under the heading of *Frost®.

2. Transmission
Tests were made on natural and artificial ice formations.

The former tests were made atop of Mt. Washington, New Hampshire at
the facilities of the Aeronautical Ice Research Laboratory between
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January 23 and February 12, 1951. During this period, the
majority 6f the ice formations were of the rime type. Trans-
mission tests with the portable filter spectrometer (Fig. 7)
indicated that rime ice, as thin as 1/16", does not transmit
any appreciable amount of infra-red radiation. Transmission
data on glaze type ice are shown in Fig. 39. The filters
used in connection with the portable spectrometer in these 5
tests are shown in Figs. 40-42. There is considerable scatter

in the data. The samples were collected on several days and

the degree of ice clearness differed noticeably. The specimens

also were not of uniform thickness. ©Similar tests made on

rime type ice formed in the laboratory, yielded the similar

results shown in Figs. 43 and 44. Here agaln the ice samples

varied somewhat in the degree of clearness. The results

indicate that ice 1s transparent only in the infra-red region

near the visible. This is confirmed by the spectral trans-

mission tests made in the laboratory.

The spectral normal transmission of various thicknesses
of ice were determined on a Perkin Elmer Spectrometer. The
ice was placed in a container illustrated in the sketch below,
to prevent the ice from melting too rapidly. Difficulties
encountered included, local melting due to absorption of some
of the incident radiation and frost coatings. Frost has a low
transmission and hence greatly affected the experimental results.
The amount of dry ice in the compartments was adjusted to per-
mit a slow rate of melting in order to prevent the accumulation §
of frost. The transmission of clear ice is compared to that
of water in Fig. 45. The ice and water curves are very similar.

DRY ICE

COMPARTMENTS
ICE SAMPLE

COMPARTMENT
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It 18 suggested that water transmission data be used to de-
termine the transmission of clear ice because of the greater
scatter in the ice data. Fig. 46 shows the transmission of

a sample of rime ice. The transmission is small. Other samples
of rime ice, depending upon the structure, will have somewhat
differing transmission characteristics. The total transmission
of clear i13e¢ for black body radiation (Ref. 7b} is presented in
Fig. 37.

3. Absorption

S8ince the reflection and transmission of clear ice
and water are so similar, the absorption will be very much the
same., Indeed the absorption coefficient of ice and water are
considered identical in the data of Ref. 18, presented in Fig. 32.

Frogt

Frost and smow are formed by inverse sublimation, water
vapor changing directly from the vapor into the solid state.
Hence, the more avallable data on snow should be applicable to
frost.

l. Reflection

The diffuse reflectivity of snow, as taken from Ref. 7b
and attributed to E.O. Hulbert, is presented in Fig. 47. The
values are relative, that for the wavelength region 0.4-0.8 microns,
being arbitrarily taken as 1009% Ref. 11, lists this same data
but uses a value of 40 % reflectivity in the range between 0.4-0.8
microns. This value appears to be too low. The Handbook of
Chemistry and Physics lists the diffuse reflectivity of snow for
"ncandescent® light as 939% . This absolute value appears more
reasonable than 409 for 0.4-0.8 micron wavelength region.

2. Transmission

An attempt was made to gather frost under controlled
surface and air dewpoint temperatures. A schematic sketch of the
apparatus, useé to form the frost and check the transmission thru
it, 1s shown in Fig. 48. A glass square, upon which the frost
formed, was placed in a hole in the oven door such that the in-
side surface was in contact with the controlled dewpoint air with-
in the oven. Inside surface temperature of the glass square was
controlled by memns of a dry ice container in contact with the
outer surface of the glass. When frost accumulated on the oven
side of the glass, the glass square with the frost sample was
removed from the oven door and placed on the sample holder of the
portable spectrometer. The room temperature was maintained at
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30°F in an attempt to prevent the frost from melting. A
comparison of the transmission of the glass square, with and
without the frost accumul ation was used to measure the effect
of frost. Frost was obtalned under various contract specified
combinations of of surface and dewpoint temperatures. However,
a thin uniform frost accretion could not be obtained on the
glass surface. The frost built up in the manner shown in the
sketch below, a non-uniform coat with many minute voids.

I::/' 77 ,’;'7’
74 éégf ” GLASS

7 7 7
Yy s

FRQST

In testing the frost sample on the portable spectrometer, the
finite width beam impinged on sections of frost or varying thick-
ness, including zero thickness. Also, in the short time interval
required for measufement, the frost thickness decreased because
of the absorption of heat. Because of the two foregoing reasons,
the data are inconsistent as illustrated in the following table.
The erratic data indicate that the transmission that does occur

is mainly in the region near 1.0 micron in accord with the water
transmission data.

RATIO OF TRANSMISSION OF FROST
SAMPLES ON GLASS TO THAT OF GLASS ALOKE

FROST TRANSMISSION FOR RADIATION EMITTED FROM
THICKNESS @LOBAR AT 2400°F AND PASSING THRU THE
LISTED FILTERS
LUCITE + CORNING CORNING GLASS CORNING GLASS
GLASS 7-69 (APPROX.| 7-57 (APPROX. 7-85 (APPROX.
TRANSMISSION BAND TRANSMISSION BAND| TRANSMISSION BAND
.7-1.1 MICRONS) .75-2.7 MICRONS) | .8-1.1 MICRONS)
.0l inches 50 20 % 30 9
.05 inches 80 109 50 9
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It was noticed during the spectral transmission of clear
ice, that the formation of a thin layer of frost of approximately
1/64 inch thickness on the ice surface eliminated all transmission.
Por this reason it is believed that frost will absord all of the
incident energy between 1.0 and 10.0 microns that 1s not reflected
from the front surface.

Zog

Experimental attempts to obtain Fog on a glass surface, with
the same apparatus used for Prost, were not successful. The water
droplets condensed on the surface non-uniformly. During the trans-
fer of the specimen from the oven door to the sample holder of the
portable spectrometer, and during the short time interval that the
radiation from the globar impinged upon the sample, the fog forma-
tion deteriorated still further. Because of this condition and
the consequent poor experimental data, an attempt was made to
theoretically predict the absorption of radiation by fog based
upon the avallable water film data.

The reflection or normal incident radiation from the surface
of a hemi-spherical droplet was determined by a form of graphical
integration (Appendix X). For an index or refraction, h , equal
to 1.33, 6 % of the incident radiation will be reflected, com-
pared to 2 % for a flat water film occupying the same projected

area. re—f ey o f .

7

Since a very thin film of water will absorb all the radiation
past 1.8 microns that is not reflected, the water droplet will
absord 94 % of the incident radiation compared to the 98 9/
of the flat water film.

If the droplet is closely surrounded by other droplets, a
portion of the reflection will impinge on the neighboring droplets.
More important than this reflection phenomena may be the droplet
spacing. If the droplets cover but 70 % of the surface, then 30 %
of the normal radiation will not impinge on the droplets at all.
The amount absorbed may be calculated for a known droplet spacing.

SECTION III
PROPERTIBES OF RADIATOR AND REFLECTOR MATERIALS

Badiators
l. General

The theoretical "black body®" radiates the greatest amount
of energy possible at any temperature. The dependence of the total

~
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emissive power of a black body on its temperature is given by
the Stefan-Boltzman lawsg

- 4
W=gT (22)

Ws total emissive power, 'TU/hr, >

= constant, 0.173 x 108 BTU/py 2¢2/ €%
¥ = absolute temperature, °R d

A theoretical grey body, defined as a body that will emit

a constant proportion of the energy radiated by a black body at
any wavelength, will radiate by definitions

W= gaT14

& =emissivity

(23)

Grey bodies do not exist in practice; the emissivity of a body
varies with wavelength. However, this concept is still used by
defining € for any body such that equation (23) will yield the actual
value of the total emissive power. This value of £ will change with
temperature because the proportion of radiant energy at any wave-

length to the total radiant energy emitted is a function of temper-
ature.

The spectral distribution of black body radiation can be evaluated
from Plank's law:

. Cu )
iy = X [e$ -

(24)
C, =1.172 x 108 BTU/hr £t2, micron4
C, = 25800 microns/°R
/A =microns
T =

absolute temperature, ©R

W) = black body monochromatic emissive power,
BTU/hr, ft2/micron

The wavelength at which the intensity is a maximum is an inverse

function of the absolute temperature. The relationship, known as
Wients Displacement Law, is:

P = S1/93

The spectral distribution of black body radiation between 0-15 microms

for a temperature range of 1000-4000°R, as determined from equation
(23), is presented in Fig. 49.
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A simplified formula for the natural convection
coefficient from a long cylinder (Reference 27) iss

.25
he = 27 (& (24)

he = coefficient of natural convection, BTU/hr, fte°F
At = temperature difference hetween air and surface, °F
D = cylinder diameter, ft

A similar coefficient may be computed for radiation from

a black body. 7\
he = .173 [%J -G‘ﬂj @4c)
T-Ts

coefficient of radiation, BTU/hr, rt2 oF

hy
T

surface temperature, °R

Ts = temperature of surroundings, °R

The ratio of convection to radiation emmision is
thens

convection - he
radiation hr

A plot of this ratio is shown in Fig. 95 assuming the
air and surroundings to be at 70°F. The comparative heat
transfer by convection becomes small at high temperatures
but is consideraple at low temperatures. 2An open reflector
surrounding a radiator will hinder heat transfer by naturel
convectiong the amount of interference depending on the
geometrical configuration. Neglecting this effect, approxi-
mately 70 % at 1000°F and 90 % at 2000°F ot the total energy
imput to a cylindrical radiator is available tor radiation
heat %ransfer. WhenL a filter is used in combination with
the source and reflector, so that the radiator 1s completely
enclosed, the convection loss from the source will be neg-
ligible.
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2. Ideal Radiator

Ref. 12 makes mention of experimental work on other than
thermal type radiators. Hbwever, thermal type radiators are the
only practical unes available to date. Ref. 1& reports on experi-
mental work of thermal radiators emitting line or band type spectra
in the infra-red. However, the emitted radiation is too small when
compared to the pewer input. Hence, the usual thermal radiator,
depending on elevated temperature and high emissivity, is the only
one available at present.

The desirable spectral characteristics of an ideal infra-
red thermal radlator are a very high emissivity in the wavelength
region above 0.75 microns and a very low emissivity, below. For
use in an airplane cockpit, elimination of visible radiation is
desirable. The ideal radiator characteristic is approximated to an
extent by certain materials. Materials that have a high emissivity
in both the visible and near-infra-red may be operated at relatively
low temperacures or at high temperatures in conjunction with the
proper fiiter to more closely approximate the ideal. The former
restriction can be best understood by glancing at the black body
sgectral distribution grapn, Fig. 49. Below approximately 1@W6CF,
the intensity of energy in the visible range is not sufficiently
great for the eye to perceive. In addition, at low source temper-
atures, the absorption of radiant energy that passes thru the receiver
surface is practically complete for the materials herein considered.
As examples, the percent normal incident radiation from a black body
source at a 1000°F whi¢h is absorbed 1/4* thick specimens of glass
and methyl methacrylate are 86 and 95 7 respectively. A thin film
of water, 0.04 inches thick will absorb approximately 98 % 5 clear

b4

ice absorption will be much the same. Fog will be somewhat lower
due to incomplete coverage of the surface and slightly increased
reflection. Rime ice or frost having the appearance of snow will
absorb only 50 9% because of the higher reflection. Unfortunately,
operating below 100Q°F limits the total emissive power available.
The second alternative, use of a suitable filter, permits higher
emissive power but at the expense of efficiency.

The Corning Glass filters 7-56, and 7-57, shown in Fig. 40,
are the type that do not transmit much visible radiation but trans-
mit snfrastedi’ :However, these filters, being basically glass, de-
crease sharply in transmission at 2.7 microns and cut-off completely
around 4.5 microns. Figs. 50-53 show the spectral distribution of
black body radiation thru these filters. The ratlo of the total
energy transmitted thru the filters compared to the energy radiated
from the black body source is presented in Fig. 54. The highest
efficieney, at about 4000°R, is but 67 % . At lower temperatures
the efficiency is considerably lower. On the same figure the ratio
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of (1460/T)4 is plotted. The intersection of this curve with the
filter curves is the temperature at which the energy transmitted
thru a filter source is equal to energy radiated from a non-filter
source at 10000F, This evidence indicates that the temperature
range between 1000 and 1500°F should not be used since the trans-
mitted filtered energy is less than that .: obtainable with a non-
filtered source at 1000°F. Reradiation of a portion of the energy
absorbed by the filter has not been considered.

For de-icing purposes it may be desired to use radiation which
will not be absorbed by the transparent window and so be available
for absorption by the ice directly. At the high temperature of
40009R, 52 9% of the normal incident energy from a black body will
pass through a 1/4 inch thick piece o1 glass; only 37 % will pass
through methyl methacrylate 1/4 inch thick. If it is necessary
to remove visible radiation, by enclosing the source within a filter
such as Corning Glass 7-57, 439 and 25 9% respectively, will reach
the ice surface. These typical values were calculatea from the data
contained in this report. Of course, a portion of energy absorbed
by the transparent panel will reach the ice surface by conduction.

It may be necessary to enclose the rauiating source, even at
operating temperatures below 1000°F, to prevent pilot burns or fire
caused by inflammable objects accidently coming in contact with the
radiator. A highly transmitting glass, such as reported in Ref. 8
may be desirable for such use. Fig. 55 shows the spectral trans-
mission of two of the glasses reported on in this reference. The
per cent total transmission of these glasses for black body radiation
at various temperatures is presented in Fig. 56, At temperatures
below approximately 1480°R, even these highly transmitting glasses,
decrease the available radiant energy by 5094 . One possible
advantage of enclosing the source will be the decreased convection
losses.

3. Emissivity

The total normal emissivity of several materials waSe
experimentally determined by a comparison method. The specimens
were heated inserting them in an opening in an oven wall. The
radiation emitted in a normal direction was measured with a directional
Eppley Thermopile Detector sensitive to approximately 9 microns.

A schematic of the set-up 1s shown in Fig. 57. The emissivity at
any temperature was obtained by comparing the emitted energy to that
of a black body at that temperature. The black body values were
obtained by measuring the radiant energy from a sample of asbestos
and correcting for the variation from a black body. The asbestos
emissivity was considered to vary 11nearlg with temperature having
a value of 0.98 at 100°F and 0.945 at 700°F., The results are pre-
sented in Figs. 58-60. The accuracy is estimated to be ¥59,. The
total emissivity of Oxidized Cast Irom, Oxidized Cold Roll Steel

and Porcelain Tile is high.

AFTR 5874 16



The spectral reflectivity of these and other materials were
measured at the New York Naval Shipyard on the apparatus described
in Ref. 7. The spectral emissivity determined from these measure-
ments are presented in Fig. 61. The Porcelain Tile data unaccount-
ably differs from that of the total emissivity test. The Globar
(silicon carbide) is another material of high emissivity.

The emissivity of a Nernst Glower, a source sometimes used in
infra-red work, is presented in Fig. 62. Glass, another possible
source, appears to be a material of high emissivity. Black Carrara,
a glass manufactured by Pittsburgh Plate Glass Company and which
transmits infra-red radiation only, was heated to 1100° F to check
whether it emits visible radiation; it does.

Ref. 31 reports that gold-black films have been prepared that
have a specular reflectance (at 45 degree incidence) of less than
0.01 per cent in the region between 2 to 15 microns.

Reflectors

The total emissivity, (l- reflectivity), for various good re-
flector materials are shown in Figs. 63-69. The data were gathered
experimentally by the same method as that for the good radiator ma-
terials., The spectral reflectivity for several of these materials
as determined at the New York Naval Shipyard, is shown in Fig. 70.
Additional spectral reflectivity data from the literature are con-
tained in Fig. 71

SECTION IV
THEORETICAL REFLECTOR DESIGN CONSIDERATIONS

An i1deal reflector is one which will reflect all of the energy
impinging on it onto the receiving surface such that a uniform re-
ceiver absorption rate is obtained. This ideal reflector is easier
to approach for certain receiver configurations than others. Of
necesslty, the source-reflector combination cannot be centrally lo-
cated in an airplane cockpit. Usually the only space available is
close to the bottom or top of the receiver. This makes the uniform
distribution of the radiant energy much more difficult.

The parabola and the ellipse were the curved reflector surfaces
mainly studied. The former reflects light in a parallel beam from a
point source located at the focus; the latter collects the light and
concentrates the energy onto a second focus. The parabolic shaped
reflector with some variations appears to be the most promising.
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Methods are presented in this section for determining the
distribution of radiant energy upon a receiving surface from a:

A. Point source within a
1. Paraboloid reflector
2. Parabolic reflector (2 dimensional)
3. Elliptic reflector (2 dimensional)
B. Finite size source within
l. Infinitely long reflectors
2. Reflectors of finite length

In addition, corrections for reflection from the receiver and blockage
of reflected radiation by the source are also included. The reflector
material is considered to have 100 9, reflectivity, but correction for
other values may be made. The semi-graphical method presented for
finite diameter size sources may be used for curved reflector surfaces
other than parabolic.

Point Source Reflectors

The cases considered in the following are for point sources with-
in a reflector. This is approximated in practice when the ratio of
the source size to the reflector is very small.

l. Paraboloid

Consider a paraboloid reflector with a spherical point
source at the focus. The solid angle,dw, Ssubtended by the element,
2TTX4LY , on the surface, is:

dew = loadi(2TXdn) (25)
(1 +A42x*)*

Symbols are identified in accompanying sketch. The solid angle
subtended is directly groportional to the radiant energy received by
the element of area. ince a paraboloid will reflect the radiant
energy emitted at the focus parallel to the Y axis, the intensity of
the reflected energy intercepted at a point on a horizontal plane
above the paraboloid can be determined as function of the radial
distance, X . In the following expression, f§/dA represents the
intensity of reflected energy at a polmti on a horizontal surface above
a paraboioid.

dw _ 4§ _ _1ea® 26
zmxdx ~ dA (1+42°) =Sk
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d""‘ —x

dw -

The derivation of this expression is presented in Appendix I. The
intensity distribution, as given by equation 26, is presented in
g graphical form as a function of X, in Fig. 72. The variation is

large, since “/;Avaries inversely as the fourth power of X . The
total energy emitted from the point sphere 1is 4if steradians.

2. Parabola

Consider a two dimensional parabolic reflector with a point
source at the focus. Any point on the parabola can be located by
the following relationship between © and X :

= (a2 [1-42’r’
O = (s? Lixy (27)

AFTR 5874 19




VERTEX I

The rays in the angle,aﬂg; given off by the source at the focus
are intercepted by a segment of the parabola surface and are all
reflected parallel to the Yaxis. This segment is subtended by a
distance,dxX, along the xaxis, within which all the reflected rays
remain. 8ince 4@is directly progortional to the radiant energy
emitted, d6/4r i3 a measure of the reflected intensity in the
differential length,dX. Differentiating the previous equation:

a9 _ 4da
ax. = (+4ard*) (28)

Mote the similarity between this expression and that for the
paraboloid. The reflected energy intensity variation for several
parabolas, as determined from squation (28}, is shown in Fig. 73.
The variation in intensity increases sharply with increase of the
parabola constant, . The total energy emitted from a point source
in one plane is 2Wradians. If the efficiency is defined as the
ratio of the controlled energy (that intercepted by the reflector)
to the total energy radiated fro%%? point, then:

oo d© (29)
Efficiency = ‘_._[Q‘__._ = ’oo-z"c.%
2T1r

Fig. 74 shows that the uniformity of the reflected energy decreases
whereas the efficiency increases, for a given width parabolic re-
flector, as the parabola constant, a , becomes larger.

To determine the total energy intensity distribution incident

on a line above a two dimensional parabolic reflector, as shown in
the following sketch, equation (5of was derived (Appendix II).
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The total energy includes both the reflected and the direct
radiation components. The first term of the equation represents
the reflected energy, the second is the directxfadiation,

46T 4a coo B8 C
=« +
g " A L-Cefls Gyt )

gé?itotal incident radiant energy intensity at a point,
Y, on the receiver, radians/inch

and the remainder of the symbols can be identified on the
sketch.

--—--——C:--—-——-——i-

A typical total energy distribution on a 12 inch line above
a point source-parabolic reflector is shown in Fig. 75 as determined
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from equation (30).
S. Ellips;

The digtribution of the reflected energy intensity at
the second focus of a two dimensional elliptic reflector, for a
point source located at the other focus, is given by:

d6_ _ _ (-zac 9% +a*+C?) (1)
A b + 3T gl

b®

i,—?-_—_radiant energy intensity at angle &, radians/radian

and the other symbols can be identified in accompany-
ing sketch.

The derivation of this relationship is presebted in
Appendix III. Equation (31) has been used to determine the
intensity distribution as a function of the angle o j; the results
are presented in Figs. 76-78. It can be seen that the greatest
concentration of energy is in the region ofo=0., This means that
a small portion of an elliptical reflector may be used to control
a good portion of the energy of the reflector. Unfortunately,

it also indicates that a good portion of the energy from a finite
size source will be reflected back onto the source.

P (xy)

o~
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Finite Diameter Infinite Length Source-Reflector Combinationg

The cases considered in the following are for a finite
diameter source but of infinite length, enclosed within an
infinitely long reflector.

l. Parabola

A semi-graphical method has been developed to determine
the actual distribution of incident energy upon a receiver above
a parabolic reflector containing a finite size source of infinite
length. The method depends upon graphically determining, from
any point on the receiver, the total projected angle thru which
the source can be 'seen'directly or by reflection. Figs. 79-84
are design charts which greatly simplify the mechanics of this
process. These charts can be used to determine the energy distri-
bution on a plane or curved surface above any combination of
reflector and source diameter. Theltr construction and use are
explained in detail in Appendix IV. Special cases of multiple
reflection from reflector and from receiver are also considered.

Using this semi-graphical method, the energy distribution
impinging upon a 12 inch long receiving surface, from a 1/2 inch
diameter source enclosed with an infinitely long parabolic re-
flector, has been determined and is presented in Fig. 85. The
configuration selected for this illustrative case is typical of
an anti-fogging installation in an airplane cockpit. The size of
the reflector is necessarily small and it has to be located close
to the base of the receiver. As can be seen, a ten to one variation
in intensity exists between the top and the bottom of the plate
for this case.

2. Ellipse and Other Curved Surfaces

The same method used for the parabolic reflector :an
be used in determining the distribution of energy upon a receiver
above an elliptical reflector containing a finite size source of
infinite length. The design charts can be comstructed similarly
to the method shown in Appendis IV. However, the equation for
the askew lines in this case, iss

-) b
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SOURCE
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This method may be used for all curved surfaces. The
askew lines of the design chart may be calculated from the equation
of the curve or may be graphically determined by setting the angle
of incidence equal to the angle of reflection at any point on the
reflector (Appendix IV). The charts may be prepared by the latter
method for sources other than cylindrically shaped ones.

Finite Diameter Finite Length Source-Reflector Combinations

A correction factor has been developed for use, with the
method explained in the previous paragraphs and Appendix IV, in
determining the radiant intensity distribution from a finite length
source. To compute the energy distribution incident upon a re-
celver from a finite length and diameter source, determine the
distribution by the semi-graphical method for the infinitely long
source and multiply by the cbrrection factor, as given in equation
(33). The factor will vary for different points on the receiv-
ing surface. The development of this factor, its use and limit-
ations, are presented in Appendix V.

Fog[(Lancb i)+ (bameoh)) (0

The angles are defined in the sketch below. It is assumed that
the source-reflector combination is relatively narrow.
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To facilitate tabulation of the factor, F, it has been
broken down into two components, Fe and i . The latter accounts
for the correction due to the finite length of the source to

the left of the point on the receiver and the former accounts
for the right hand side.

F= Fe+FL (34)

2

The factorsFe andf may be individually determined from Fi
and then added to determine F instead of solving equation %33
Note that in this figure, £ , e is plotted vs (90-F2 or )

End Reflectors

In some applications it may be possible to use end reflectors
to increase and more evenly distribute the energy impinging on
the receiver.
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If the angle thru which a point on the surface can see the
source is increased from @ to f+4F, the correction factor for
finite length, ﬁl, will be increased as given by Fig. 86.

Receiver Reflection Correction

k11 of the energy impinging on a receiver such as glass or
plexiglas will not penetrate the material because of reflection
from the surface. The effect of reflection is difficult to
analyze exactly. Two configuration simplifications were made in
order to estimate the effect of the reflection phenomena. The
two configuration simplifications are shown below; each one was
analyzed separately.

(@)

(b)
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In case (a), the reflector-source combination is considered
to be a 1line of finite length in the source axis direction. 1In
case (b), the reflector-source combination is considered to have
finite width, but together with the receiver have but differen-
tial length in the direction of the source axis.

It was assumed that reflection from glas and plexiglas does
not vary greatly with wavelength in the region between 0.75 and
10.0 microns. PFurthermore, the complex Fresnel equation for re-
flection as a function of angle of incldence was closely approx-
imated for these materials (N = 1.48) by the somewhat simpler
equation:

r =.04+.96(;9-)8

/o (35)

r fraction reflected
8 = angle of incidence

A comparison of the above equation and that of Fresnel, for angles
of .incidence from O to 90° is shown in Fig. 87.

The analysis for case (a) is presented in Appendix VI, and
that for case (b) in Appendix VII. The results are presented in
graphical form in Figs. 88 and 89 respectively.

For case (a) the following procedure 1s to be used in con-
junction with Fig. 88. Read the F! values corresponding to chn R
from Fig. 88 and add the two. The result is the proportion of
energy intensity impinging on the surface, as determined by the
semi-graphical method of Appendix IV, which passes thru the sur-
face of the receiver at that point. The correction for finite
length is included in Fig. 88.

To use Fig. 89, determine the included angle of irradiation
at any polnt on the receiver by use of the charts explained in
Ibppendix IV. Read the values corresponding to the angles 0| , and

2 and subtract the smaller from the larger. The value thus

INCLUDED ANGLE

e

SOURCE

RECEIVER

REFLECTOR
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determined is the intensity of energy that passes thru the
surface at that point, when an infinitely long radiator-reflector
combination is assumed to radiate only in the plane of the

point on the receiver. The energy intensity is expressed in
terms oflW/, which is defined by equation (23). The correction
factor for finite lengtn (Appendix 'V) is then applied.

In most applications, simplification (a) will yield results
closer to the actual. This method may be made more exact by
dividing the reflector width into two or more strips and de-
termining separate correction factdars for each.

Blockage

Blockage 1s herein defined as the fraction of the total
radiation from a radiator within a reflector which is reflected
back onto the radiator. The reflector is considered made out
of material of 1009/ reflectivity. An expression for blockage
for a source within a parabolic reflector is derived in Appendix
VIII. Blockage is a complex function of the ratio of source
diameter to focus length of the parabolic reflector. The exact
expression is:

B dockagpe ] - 5[5 ko Y - ot oo D) (30

/sog b
|

o
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Using this equation, the blockage has been determined for
the complete range of b/f, 0.0 to 1.0. The results are
presented in Pig. 91. After plotting the results, it was
noticed that the curve can be represented by a straight line
with but slight error. Hence, the blockage may be expressed
by the following simple relationship:

Blockage = 0.207 (§) (37)

FPor a perfect reflector amd black body radiator, the
blocked out emergy is returned in entirety to the radiator.
There is no energy loss due to blockage. As an example, cou—
sider two {dentical radiarers surrounded by different re-
flecturs. Let the blockage of one combination be 5 9} and
that of the other 20 %; 1.e., 5 and 20 % respectively of
the energies emitted by the source are feturned to the source.
Only 95 and 80 9% respectively of the tutal source radiation
will be available to receivers above the reflectors. It is for
this reason that high blockage is undesirable. If the sources
are maintained at the same temperature, less power input will
be required by the source with the higher blockage, since it
emits less net radiation.

SECTION V
EXPPRIMENTAL REFLECTOR TESTS

A set of tests were made to check some of the theoretical
reflector relationships of the previous section.

Apparatus

A 12 inch Plexiglas square, 1/4® thick, was spotted with
surface thermocouples as shown in Fig. 92. The surface thermo-
couples were applied in the following manner. Two verysmall
holes, large enough to permit #30 gage wire through, were drilled
from the back to front surface, 3/8% apart. A thin scratch was
then made on the front surrace between the two holes. Bare iron
thermocouple wire was pusnea thru one hole and constantan thru
the other. A fine, wvutt-type, solder connection was then made
between the two holes on the front side and the connected wire
was fitted into the scratch on the Plexiglas surface, pulled
taut and cemented in place with solvent. The wire insulation
and tape shown in Fig. 92 are all behind the back surface. The
thermocouples were attached to a Brown Recorder. The Plexiglas
square was mounted in a frame and could be oriented properly in
regard to the source-reflector combination as shown in Pig. 93.

G.E. Calrod, 0.6 inch diameter cylindrical heaters were
the sources used. A thermocouple was welded to the source sur—
face. The power input to the source was controlled by a variac
and measured by means of a voltmeter and ammeter. The parabolic
reflectors were made of Alelad. The reflector cross-section
varied somewhat along the length because costly dies were not
used in their manufacture. The nominal cross-section is showm
belo‘.
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.6" DIA. SOURCE FOCUS

e =

Tests were made at relatively low source temperatures,
6805-735°F, to prevent excessive temperatures on the Plexiglas
receiver. At this source temperature, all of the impinging
energy, which is not reflected from the receiver front surface
is absorbed in a relatively thin layer near the Plexiglas front
surface (Fig. 33).

The majority of the tests were made with one source-re-
flector combination and several with two. In all but one of the
former tests the source-reflector combination was located above
instead of below the receiver in an attempt to eliminate the
effect of convection heat transfer. In the latter tests, a
combination was located symmetrically at both the top and bottom.

The reflector was located such that the edge of tne smallier
side was in contact with the receiver edge.

REFLECTOR SoURCE
hH*TQ§<::

12 THERMOCOUPLE LEADS

ANGLE OF [MC/DENCE

FRONT SURFACE
RECEIVER e
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A row of 12 thermocouples, centrally located on the
front surface of the receiver, at 1 inch intervals starting
1/2 inch from the base of the receiver, was used to determine
the vertical variation in radiation distribution. For the
purpose of determining the maximum variation, the absorption
at each station was considered to be directly proportional to
the temperature difference between the surface at that station
and the surrounding air. The value of the average radiation
absorption intensity along this row of thermocouples was
determined in the following manner. All the radiation was con-
sidered to be absorbed at the front surface of the Plexiglas.
The heat energy flows along two paths; from the front surface

_—PLEXIGLAS

T-FRONT SURFACE

——T-BACK SURFACK
T-arR N——

5ﬁ-

by natural convection and radiation to the surroundings and

from the front surface thru the plexiglas by conduction and then
to the surroundings by natural eaonvection and radiation. Any
heat transfer thru the plexiglas other than normal to the sur-
faces was neglected. This set of calculations is illustrated

in Appendix IX for a typical run. Also shown in this appendix,
are the mechanics for utilizing the theoretical relationships

of the previous section to predict the radiant energy absorption
distribution.

Resul ts

A table of the test results and predicted values are shown
in Fig. 94. In the first three runs, the angle of inclimation
of the source—-reflector combination to the receiver was varied.
In the fourth run, the effective length of the source was de—
creased by locating end reflectors as shown. This opened possible




sources of error but the end reflectors were used because
Calrod heaters of this type are not obtainable in 12 inch
lengths. In run 5 the source temperature was elevated to the
maginmum value without exceeding 20C°F logal Plexiglas sur-

face temperature. The reflector-source combination wes located
at the bottom of the receiver in run 6 for purposes of astimat-
ing the additional effect of convection heat transfer from the
source., The data were used in predicting the results for the
two combination case of run 7.

A comparison of predicted and experimental results ror
maximum temperature variation and average radiation absorption
rate shows good agreement, considering the test apparatus and
possible sources of error.

SECTION VI
MAGNITUDF OF RADIATION INTERCEPTION

Estimates of radiation interception by an infra-red receiver
are presented herein. A comparison is also made, between the
method of this report and that in the 'iterature, to compute
incident rgqdiation intensityv.

omparison of Me re e Incident Radiation

MM@M

As a check of the semi-graphical method to compute incident
radiation intensity, presented herein, two special cases treated
in Ref. 26, were analyzed. The results by both methods, are
identical. The method of Ref. 26 is limited to the cases wherein
the receiving and radiating surfaces are parallel or perpendicular.
The method presented herein may be useéd for these two limits and
for all angles in between.

Consider the contiguration shown in the following sketch.

RECEIVING
SURFACE
ST

¥
//
s/

SOURCE

N\ REFLECTOR.
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The effect of the reflector is to permit the receiver to %“see® .
the source through a larger angle, (.

It effectively makes the source width equal to the distance,
d - Hence, sketch (a) may be replaced by the following sketch.

A

d
AR

N\

.._.X
~

Lt a_-_-3", b=9", (—=6“, d=3"

From equations 2 and 3, Appendix IV, Tor an infinitely long
radiator, the radiation intemsity ondd, , is:

Q =Y ane]

= W £ =.,223W
b4

J@YH+0)?
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To correct for finite source length, find %and(ﬂl_ .

De = lan (090" — 2.0 500 =64.1°
3

D= ' (6O = 2.0 | o> = 45.8°
G

From Fig. 86, for the above values of{:

Fe
F

Corrected for finite length the intensity ond&, is:

. 270
.403

oW

d% = (Fo+F).2z3W
LIS W rfn’tl’//l/,,(ﬁ‘L

"

IfdA, is perpendicular to the radiator instead of parallel,
then:

- b

—_ - Ir
O = oy ad Bz

9 _ W [Jo-895] =.052W

gs = ¥ Lo-8sl
Fe, and f_ are the same as in the previous case, and so corrected
for finite length:

% = .13 . 052W = 035 BTU/hn,ffz

The value obtained from the charts of Ref. 26 for both cases
are the same as calculated above.
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Estimate of Absorption Rate Magnitudes

Consiaer the two extreme configurations shown below.
Each receiver has a mean point,P , 6 inches from an edge of
the reflector and 3 inches from one end. Consider the re-
flectors designed such that the point, P , can 'see' the source
through an angle that includes the entire reflector width,
an optimum condition. The conditions are the same as that
of the two examples in the previous paragraph. It is desired
to include the effect of reflection and hence, the correction
factors, £', from Fig. 88 shall be used instead of F .

r<———12—)-|
r

e _Pl__

l_:‘; \(;eg? a g /l\\

Y, 0, € @e Nor
‘>-| 3 e SHOWN IN TRUE
() PROYECTION
—] 3
A \
on& L
L_" o0 o
_>_| . L ]
(b)
-1 S
For cage (a), = cotan “> = 76, and for case (b), 4
o = tan~ = 14°. As in the previous example, @e = 64.1

and @_= 45. 82 The values of F'obtained from Fig. 88 for these
conditions are listed below. -

3
case Eag fe=19 F = .305
case (b Fgg.255 F* = .385
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Jorrected for finite length and reflection, the intensity of
radiation passing thru the surface at point P, 1is:

case (a) o5, = (F+R) & =.495%223W=.11w
(e .e) 8 = 23W = .43
e ) Q= (R R) & =LA

Consider possible values of W . Assume an effective source
emissivity of 0.9, a feasible value, The effective emissivity
includes the slight absorption effect of the reflector.

W= ,1713~ 9 G%OY

T W
1460°R 7589 BTU/hr, ft°
4000°R 424,192 BTU/Br, ft

The maximum intensity for a source temperature of 100Q°F 1is
therefores \

d%. = .143 x 7529 = 1080 BIU/hr ft?
The more practical configuration would yield:

]
%,ﬁ .11 x 7529 = 830 BTU/hr, ft °

By use of end reflectors these values might be increased 10-

20 °%6. Plexiglas, 1/4 ineh thick, will absorb 99% of the

1000 °F radiation passing thru the surface. Hence these in-
tensities also represent the intensity of the absorbed energy
for a plexiglas receiver. Therefore, for a configuration not
better than that of the illugtration, a 1000 BTU/hr, £t maximum
absorption rate can be obtained at the mean point with a source
at 1000°F by radiation transfer only. (Loss due to convection
may be estimated from Fig. 95.) Using two source-reflector
combinations, one located near the bottom of the receiver and
the other near the top, approximately twice the radiation &n
tensity can be obtained. This type of configuration also permits
more uniformity pf energy distribution.

Consider the source to be at 4000°R and to be enclosed with-
in Corning Glass 7-55 filter. The total transmission at 400Q0°R
(Fig. 54)1is 66%. The maximum intensity of radiant energy
entering the receliver, 1 s:

Ql
da,

It was mentioned in a previous section that 37 % ¢f the radiant
energy from a black body source enclosed within Filter 7-57 will
pass thru Plexiglas. Hence 63 9 less approximately 4 % for

= .143 x .86 x 424,192 = 40,100 BTU/hr, rt°
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reflection, or 599, , will be absorbed. Therefore, the
absorbed energy, ist

Absorbed energy = 40,100 x .59 = 28,600 BTU/hr, ft2

This amount is many times greater than will be required for de-

: frosting or de-icing purposes. Heat transfer by radiation and
convection to the receiver from the filter has not been con-
sidered.

Theoretical attempts were made with the configuration (a)
to obtain a uniform distribution of radiant energy along the
vertical centerline of the receiver. Various parabolas and
angles of inclination were tried. Uniformity of distribution
could be increased but at the expense of lowering the average
intensity. For an intensity variation of 9/1, an average
intensity radiation entering the receiver of .04W(BTU/hr, ft<)
was obtained. Before being corrected for finite length and re-
flection, the variation and average intensities were 4/¢ and
.055Wrespectively. In this latter correction, the angle o
(Fig. 88) was considered a constant and equal to the inclination
of the receiver from the parabola centerline. Experimental
results indicate that due to conduction the actual surface temp-
erature variation will be 2/3 this value. The sizable advantage
of using two source-reflector combinations, one located at the
bottom and the other at the top of the receiver is shown by the

g following theoretical results. Corrected for finite length
and reflection, the maximum variation for this case is 1.7/}
and the average intensity is .08W.

A 12" radius semi-circular canopy with a reflector-source
combination located symmetrically at each end was studied. With-
out correcting for finite length, the intensity variation, in
the design calculations, coulid be reduced considerably below
2/1. In this particular case each reflector source combination
had an orientation such that one combination could contribute
either direct or reflected radiation to the entire canopy. This
presents the problem of radiation interception by the pilot.

In general, it has been more difficult to uniformly irradiate
a flat plate receiver than a gently curved receiver.
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Parabolic Reflector Variations

Various modifications of tne parabolic type 1eflector were
tried theoretically in an attempt to obtain more uniform dis-
tributions and higher average intensities. The source was
moved above, below and to the side of the parabola focus. Sources
other than cylindrically shaped were tried. All these attempts
were unsuccessful. Blackening portions of the reflector and de-
creasing the emissivity of portions of the source helped decrease
the intensity variation but at the expense of the average intensity.
Combinations of parabolic and elliptical reflectors were tried
as well as combinations of dififerent parabolas. The latter
combination showed some promise. Two narrow reflectors were sub-
stituted instead of one wide one with poor results. A rotating
source-reflector combination which could be directed at the
portion of the receiver furthest away for longer time intervals
than nearby portions would help but would greatly complicate
mechanical design.
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APPENDIX I
REFLECTED ENERGY DISTRIBUTION FROM PARABOLOID

Consider the paraboloid cross section shown below.

EY

»

-]
n
a5

do

ds

Hy—
o

The amount of energy reflected in the annular element, dx ,
is proportional to the solid angle, dw, intercepted by the annular
arc ds. The projection of the solid angle, dw, 1s represented by

do .
dw = d_ﬁ-
r (1)

dA 1s the projection of ds onto a sphere.
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AA= 2MTx &S cos Y (2)
A = )”’ (Pnopzn-rv oF PARABOLOID)

B+aL::_‘g: B+\’V'-_—:g;

CosS Y = SINB

cos Y = R E )
LS = dx Vi+ dp)z = Lx N1+ aa x> (4)
v oty G ) =x s (fumad) s (5T (raaa? O
sussTiTuTing INTo (1)

dw = 2TWX MVHA«:.‘?("

(F2)" (+4a*=<)* Yi+aa? x*

’L.:!_L‘Wa—:: X_gx
(l+4a. ?c) (6)
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Equation (6) represents the solid angle intercepted by an
annular element, &«§, of the paraboloid. To determine the intensity
of reflected energy,Xd/<Aat a point on a horizontal surface above
the paraboloid, divide by27rxelx:

2

: %‘{ = Joa (7)
A (1+4a*x®)?*
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APPENDIX II

TOTAL RADIATION INTENSITY DISTRIBUTION ON LINE
ABOVE A PARABOLIC REFLECTOR CONTAINING A POINT SOURCE

A point on a line above a reflector may receive both reflec-
ted and direct energy. The distribution of reflected energy from
a parabolic reflector containing a point source was derived pre-
viously, and 1is:

dea= 4q
dx | + 402x2

(1)

Since the energy is impinging on the receiving surface at an angle
other than normal, the intensity on the receiving surface is:

df, 4a cospB
dy |+4a%x?
P (2)

T
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The angle, &, made by a line from the focus of the
parabola and intersecting the receiver plane, is

-1 '{
tan~ (—c‘) (3)
Hence, -‘%%q s which represents the direct radiation intensity
component, 1is:
e
d6o _ _Ci
Ay cley’ o

The total radiation intensity impinging on the receiver at
any point is then:

467 _ Aacee b  _CF
dy T ivdatrt o cReyt (5)

Now, x, may be expressed as:

X =3[Y-(F+Ce)] coe 8 (6)

and hence may be eliminated from Eq. (5), yielding the final
form:

__@_- = dgr = da Cos b ¢,*
Al Ay l+4a.'-|'_(q-_& -C2) et C.‘*EI‘

(7)
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APPENDIX III

DISTRIBUTION OF THE REFLECTED ENERGY INTENSITY
AT ONE OF THE FOCI OF A TWO DIMENSIONAL ELLIPTICAL
REFLECTOR FOR A POINT SOURCE LOCATED AT TiiE OTHER FOCUS

e a -
P(xy)
oC
G‘
- ;
F \ F
le———— C
b
F= POINT SOURCE
é%;~r£i; = (ﬂ)
aZ = bz-r C-L ’ (2)
'zz"’9==5g2 (3)
.
Lo & =(Cc+X) Law & (5)
c-x
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il —Hd"'af =a*b”
L6 + (€+X)* taw (@)™ = a*b™
Y+ a*ctlan'o +2atcx Lan"w +@ L ¥ v - AP b0

(a2 w) + X (arc G%) + a* (€ Zactx - p* D=0

207 ¢ lamde tV4a1C Taml - 42 ™ (€ Han'ot - b 0™+ Aake)

L=
(b +r @ Lar )
= - &*¢ a.,.o‘«:a.\’a.‘b’,&w‘ot— E b lavt K+
b+ v tane
X = - @ Clan o +ab|@*c¥) Las'st +o*

51' +a’® /Q»vv"e(

X = ~aic lan'xX T QLY \./,5,,.,‘3: 4
b"“'&b &M);O(

- a*c LawxX T bidec <
b‘*@—"x&m"“

Y =
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Tivu O & (C-HDZ:MO(

cC-¥%
(-A*C G T A blote )
= [C * b+ & fasde fears
¢ - (Fa*C lawis ¥ A b*dtex)
b*+a* Law®s

. - ( b*¢c + abiucx) Lawr «
b*C + 2@*C Tas™X T A b* 4t

DIFFERENTIATING WITH RESPECT TO ok
PAY-Y.L (b C +2a°C Tan' 5 2 blses) [b’c Ascee t 2.6 e n (pnx +,¢w‘.b-]
< (W*C v 2arc few'w T Qb aew)”

_ (Fetab e o) Zaroo (407C ot docy s 6" are x L o)
(b%*c t2a% Lo, A wsc o)

bUT 4ee*B = |+ 6 = |+ (b€ tab cec ) Aae ot
(8C +2a°C lasah 3 Ab dacs) ™

o (b +2a*C an’s ¥ ab aecs) + (bt a biieco) faysl
(b +2@Ctan’ot 7 ab¥arew )™

(¢) 24_:20_ = (b t 28 lan'c Tableex) [b"cao’a: ab’ (tec o 'y +,aa},¢ﬂ
(5 +207C o't 5 A.b%ca) + (bC t AbUecet) > Lar s

— (e 1 6. 6%e ) Taw o (40FC Lo X 00 T 8 W e & Ll )
(bc + cave an'x i ab%d)‘-" (b"c + 0—5’,’4&40‘) ¥ lae o
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Using the top signs of the plus or minus, minus or plus
signsé gives the values of d ©® /dx for angles of e from 0°
to 90%. The lower signs give the values of d & /d« for angles
of &« from 90° to 180° even though angles of < from 0 to 90°
are used. This 1s because of the sign condition where tangent
and secant are both positive in the 1lst quadrant and negative
in the second quadrant. If we respect these signs, then the
top signs of the equation will hold throughout.

For example: If we respect the top signs and e< varies
from 0° to 90°, then the signs are:

de _ [+ -a][0+@+¢I- [0+ @1F -6 (70
A W@ L] ]

If we respect the top signs and &« varies from 90° to
1809, then the signs are:

de_ [0+&-Q][+O+O]-[+AEIB- 6
A" [D+(H-] "+ [+ Y] L™

o If we respect the lower signs and oKk varies from 0° to
90, then the signs are:

de _ _[;@_-) +(x) +C*)] [_—C*) -G) - C")] = E’)'(")]E] E})"(")](70)
del @+ @O+ @]+ [ -] @]

Equations (7b) and (7c) give the same numerical answer
and sign.

7b)

It was noticed, after plotting the distribution deter-
mined from expression (6) on polar coordinate paper, that the
distributions formed ellipsss of minor axis 2b = 2 (see Fig. 78).
This permitted finding a simpler expression for the distri-
bution as shown in the following.

For the case where o« = 0, then tane =0, sec =1

do. (cia)(Bctar) | ca _, cea
A" (bcFae)t che %

Assuming these two values to be the extremities of
another ellipse of major axis a, and minor axis b, and allow-
ing b, = 1, we can find a,, b,, and ¢, in terms of a, b, and
¢ in {'.he following way:
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4 ar
a={(Ga*e2) = &% = ) e rare
and
> Y g -\ afrearci+cd- &
= Ja"'- -ug'—-) ] + B? -
but
5
(a*-c*) = af-za*c*+ C*
so that
- 45-"& - + Zac
C, = T = 5>

These values of a,

in the following.

» b,, and ¢, are used in the ellipse

Suppose £ the radius
vector from one of the
focli represented the

value 40O
K

xy)

~

-~ R
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ar " bt (8)

4= den o, = oo & @)
s Yol Y= £ aim o, = O
X = P acrdx -C, (i0)
ds Thal X'z Plot’sc +C -2 PC, cod o
b, L5+a 4T - b =0
by (Pleaar= +¢,~-2 e, coau)-raf'f?tm‘&-a,”b’[ =0

P (6 codst + O 4eix)=P (2 b7Ci et ) = b =0

p = 2b, ¢, Covk iﬁlﬂc,‘m‘a +4b; (b: Cor's +2, 00c )
2(6."“"}"( +A,* 4 \-“)

P = 2b,C, Coar ¥ @bft.,’ Cot ot +4bt (b 4C tim¥ )
2 (b7 cot™ +&> Airivot)

L= b brox? b‘.'\‘ b +C”

b‘: 'f'C:b Aemt)

. /0 — b,”c, Codex X aabT
g+~ ™
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F) - bc’LCn Cod X = a‘btz
b G ainrw

If we substitute the values of a, b, and ¢, for at, D!
and ¢! as found previously, we arrive at a2 new expression

for o .
b‘zsb‘:’[

@< - (%5%)

4 b
so
2 :
/0__ = ———ZZZC CodxX ¥ -——.c-—a‘b+c _ T 2ACCrd X T (d.}'-('C;)
|+ A C™ g b + ‘ﬂ:‘;‘:;__ﬁ:.‘m"oc
—~

Using the top signs and remembering that ¢ is a negative
number:

/O:, +cac Coﬂ““(a“:ﬁcb) O°< o< < 180°
b"‘_‘_ 4a>C* s Tl
bb

The reflected energy distribution for an ellipse is
graphically showvn in ¥igs. 76 and 77.
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APPENDIX IV

TOTAL RADIATION INTENSITY DISTRIBUTION
IMPINGING UPON A RECEIVIIIG SURFACE ABOVE
AN INFINITELY LONG PARABOLIC RWFLECTOR CONTAINING
A FINITE DIAMETER SOURCE

A semi-graphical method may be used to determine the
radiation intensity distribution impinging on a receiving
surface above an infinitely long parabolic reflector contain-
ing a finite diameter source. It is assumed the receiving
surface contains elements parallel to the source such that a
prbfiii or end view of the receiving surface may be represented
as a line,

oc
RECEIVER 2 oc
\ |
SOURCE. \ '
ac
: oc
i, PARABOLIC REFLECTOR
K = y -a xz

L5 —mi f———

The method essentially consists of determining graphi-
cally, in the profile view, the total angle over which a
number of points on the receiver can see the source directly
or by reflection. To reduce the amount of work involved in
this process, six design charts, Figs. 79 - 84, have been
constructed. The askew lines on the charts represent rays
from either top or bottom extremities of the source reflected
by any point on the surface of the reflector. The dashed
lines represent rays from the ton of the source, the solid
lines are rays from the bottom of the source. The angle, = ,
made by these lines can be computed from:
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Lo _b
K, 4“’"(4-'5_ raz*) (1)

The design charts permit a simple determination of the two
dimensional total angle through which the source can be 'seen!
directly or by reflection.

To use the chart, place a line representing the receiver
above the parabola at the desired location and orientation.
(In the photographic reproduction of these charts, the scale
has been reduced. To compensate, draw line representing
receiver to the same scale. The scale can be determined by
taking the ratio of the measured source diameter to the original
source diameter printed on the chart.) Divide the receiver
into any number of equal segments depending on the accuracy
desired. Any point on the plate will receive both direct and
reflected radiant energy.

To find the included angle, within which reflected radia-
tion is incident on a point of the receiver, use the askew
lines on the chart. If the point falls at the intersection
of two of these lines, the angle between these lines is the
angle within which the point receives reflected energy. If
the point does not fall at an intersection, which will be the
usual case, interpolate between the two sets of enclosing
lines and thus determine the included angle.

To find the included angle in which direct radiation is
incident on a point of the receiver, draw two lines tangent
to each side of the radiating source and passing through the
point on the receiver. Often this angle will fall within the
angle determined for reflected radiation. This indicates
that the source blocks out this amount of reflected energy
and that the receiver obtains this radiation directly from the
source. Hence this angle should be included but once.

NORMAL TO PLANE

RECEWING PLANE
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The radiation intensity impinging on the receiver element
from an infinitely long radiator, QéA , 1s simply:
'

_mwr . &
dQA-. B ey Mele. (2)

T & _ ¢4
i 0 (3)

intensity of normal incident radiation,
BTU/hr, ft.<

total emissive power, BTU/hr, ft.?

emissivity of radiator

constant, 0.173 x 10~ BTU/hr, ft2/OR4

4 QA m§g H
i

temperature of source, °R

E%a-léi:»limits of included angle measured from normal
to receiver surface

Therefore, after obtaining 9. and 9; graphically, multiply
the difference of their sines by the constant, 1%?’, to obtain
n

the incident radiation intensity at the point o he receiver.
If this procedure is followed for several points along the
receiver, the distribution of the total incident energy can
be deternined. To substantiate Eq. (2), the fol'lowing proof
is offered.

Assume an area, dA,, on the receiver narallel to an
infinitely long radiator of which dA. is an element.

Starting with the general radiation equation:

d@ - T dAz2 Cov ¥, Cov Ca
da, [

Cov 94 = Coo ¢Qz =
Ez=)4"+(j‘+hb
d/qz=dl'o€’f

AFTR 5874 57




P

»
AN <
BBV SN

i

b
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q _ =5 X + | — av\:l % ]*
= Ih 2 en)@% ) (@Rt .
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7— : (‘jt“’h")sh'
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Sio
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o
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£
4"
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|
X
«
~

= _TIQE.MQJ

The above is identical to Eq. (2).
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The design charts have been prepared for identical
parabolas but wvitih different source diameters. IHowever, these
charts can be used for other parabolic reflectcrs by the method
explained in the following.

For any combination of reflector and source, obtain the
value of the source radius multinlied by the characteristic
constant of tihe narabola, a, (y = ax¥). Select a design .chart
which has the same value of radius multiplied by the character-
istic constant. This design chart will now renresent the
particular combination of reflector and source, but to a
different scale. All dimensions are to a scale deternined by
the ratio of desired source radius to chart source radius.
Hence, ‘hen pnositioning tne receiver above the chart, draw it
to the nroper length considering the new scale. An examvple,
to further clarify this process is presented in the following.

Given:
Source Radius = 1/8 )
Parabolic Reflector Equation, y = 2x®
bxa=1L1/8x2=1/4

Therefore select chart with same b x a value.

Yo = 1/2 x*

The scale of this chart is:

b =1/8 =1/4
ba 1/2

Hence 1" on chart represents L/4" and a receiver 6" true
length would be drawn on the chart 24" long. The angles
formed are true and hence the calculated intensity need not
be multiplied by the scale factor.

Double Reflection from Reflector

¥When the source is large compared to the enclosing
parabola focus, radiation may impinge on the receiver by
double reflection from the reflector. Double reflection lines,
have been included on the 3/4" and 1" source diameter charts.
This phenomena of double reflection from the reflector will
be negligible in the great majority of cases; it is included
herein for the sake of completeness. The use of the charts
containing double reflection lines is illustrated by the
following sketch.
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H INT “X" SEES SOURCE:;
ANGLE A ~ BY SI/INGLE REFLECTION \ \ //
)

ANGLE B ~ By DPOUSLE REFLECTION
ANGLE € ~ DI/RECTLY

Multiple Reflection from Receiver

On a curved receiver, radiation from the source-reflector
combination may be reflected from one point onto another point
of the receiver. A semi-graphical method of determining the
radiant energy contribution at any point by reflection from

other noints along the receiver surface, is illustrated by the
folloving sketch.
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From any point, A, draw straight'lines of sight! to other
points on the receiver. The angle of in.idence is equal to

the angle of reflection and hence the 'lines of sight' may be
continued beyond tnese points, B, C, D, etc., toward the
reflector-source combination. If the reflected 'line of sight!
falls within the angle through wvhich B, C, D, etc. receive
radiation from the source-reflector combination, tren reflected
radiation from these points impinge on point A. In this manner
it is possible to determine the limits of the angle at A
through which once reflected radiation will reach point A.

The intensity of the rays within this angle are not uniform.
The intensity will be a function of the angle of incidence, 8,
made by the ray from the source-reflector combination and the
normal at the point on the receiver surface on vhich it first
impinges. For Lucite (Plexiglas) and glass, tigures 8 and 9,
the variation is slight up to incident angles of 45°. Hence,
the incident energy at point A, by first reflection from other
points on the receiver, may be evaluated from:

Q P
G - .04z M@]
dA. Z el
For (9 angles larger than 459, the portion of the angle greater

than 45° should be divided into a number ot small divisions
and the energy contributed by each division evaluated by:

QC = rI___Tr ALMQ] 91
da T = o

r - fraction reflected by the mean ray of the angle
division and is a function of # (Figures 8 and 9).

Multiple reflection effects can be evaluated by a similar
method.
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APPENDIX V

CORRECTION FOR CHART METHOD
OF RADIATION DISTRIBUTION TO ACCOUNT
FOR FINITE LENGTH SOURCE

NORMAL.
TO d A,
| NORMAL.
TO dA,
R T

O
“% %
VRS

X
/\\Xa

Consider an element on the source, dA,, inclined at
angle of Y”°from the horizontal radiating to dA, on the re-
ceiver which is inclined at an angle < ° from the horizontal
(see sketch above). The energy impinging upon dA, 1s

Q . T 446, dAz cot6;
dA 2
| 2, R
Q z
AA, = impinging radiant energy, BTU/hr, ft
I = intensity of normal incident radiation, BTU/hr, rt?

and the other symbols are defined by the sketch,
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NOW :

It+ h
Co¢ 9; ] L_Co‘_l”
B = [xtent
AnD LT
dAr = 'lllrogl
THEN .
S
_Q [I ht otk Cos W UL Mt
dA, X (X*+h*)?
e
== T
= 1h oucnotcu\"’/ (I""'ﬁ‘)t

dA,

The ratio of energy impinging upon dA, for a source
of finite length to that from an infinite length source is:
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F= (_E'A)Flmts LENGTH 7.2 h*al MW[Z h‘(l +h*) Zh‘ lam” {" X
+o0
(—A)nnrmn’t LENGTH SR [ eh*(Xyn’) + Zh‘ G %‘ -e0
sovecr
2 L
F= [z‘w Zony) 2 & & )] [z h*(x"+ht) * o B )]

W2

1 [(Faincfetl)+(}ain2@ +6.)]

As in Appendix IV it is assumed that the receiver and
radiator contain parallel elements., Also herein, it 1s assumed
that the source-reflector combination is narrow and can be
represented by a differential width strip., Where the sourese
width 1s large, this method may be applied by dividing the
source into narrow strips and determining separate factors for
each.

Since the chart method of Appendix IV for determining
intensity distribution is for an infinite length source-reflector
combination, the factor F, when multiplied by the chart results
will correct for finite source length. The factor, F, has to be
determined for each point on the receiver. To simplify the cal-
culations involved, the factor has been plotted in Fig. 86 as a
function of 40“,;;(’10 -M.ae)e To use the chart determine the
factors for @ to the right and left of the point on the receiver
and add the two values, The factor will be, one, for an infi.
nit ‘long source on both sides of the receiver and less than
one for all other cases.
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APPENDIX VI

CORRECTION FOR CHART METHOD OF RADIATION
DISTRIBUTION TO ACCOUNT FOR FINITE LENGTH SOURCE
AND RECEIVER REFLECTION

dA, |
K ~
|\
= o, NORMAL
) \ one
R
X \.,48,? NORMAL
TO dA,
R
S,
h :

X2

This correction was derived in order to determine by
use of the chart method the amount of radiant energy passing
thru the surface at any point on the receiver. The energy
passing thru the surface is less than that impinging, by the
semount reflected from the surface., Correction for finite
source length, as derived in Appendix V, 1is included in this
factor F, It was assumed that the reflector-source combina-
tion could be represented by a narrow strip.

The energy impinging on dA;, and which is not reflected
at the surface, is

L £%

Q‘ =[ ImeldAZ Cov1 E: ("!’) (1)
B?
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wherein
]

= s impinging radiant energy passing through
A, surface, BTU/hr, rt*

I = intensity of mormal incident radiation,
BTU/hr, ft*

r = fraction of incident energy that 1is reflected

and the other symbols are identified on the diagram.

Reflection as a function of angle of incidence is e xpressed
by the somewhat complex Fresnel relationship, It was found
that the following equation, expressing this relationship,
could be more readily used, and that it differed by a negligi-
ble amount from Fresnel's equation f or glass and plexiglas (see
Fig. 87 for comparison of the two equations).

r= ,o4+.4¢(9l)8 (2)

n /2

SUBSTITUTING EQ @) v EB ()

: N La
%\.: (l.‘iéICocandAz.Coo9> —[.?QI““'e’JA‘w"(F%AB )

L, e” , er
AND AS 1D APPENDIY Y
dA =y .l
h oot
L m— P -1 N oo
Cote @) = '[;;;;;ﬁr o, Coe 36233739

A _ heeosY
a 92‘ B m_h." f" JZ;"' h" T2 s
. ) 3 h
g = 90T R togwconrold [ dE - 2 Var @)
B #E e 0®
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As mentioned in the previous appendix, use of the chart
is a graphical means of détermining the energy impinging on
the receiver element from an infinite length receiver. This

energy intensity was denoted by the symbol, Q_, and was
shown to equal dAr,

Q .1 2
I, Ih ‘"“‘"ru/“(xtm*)’

(5)

L crnscliors faclor Fliy lefirnad as:

(%)
ZZ Finre leNgTH Sovece

(7%) =F
dA. ) WeniTE LensTH  sovece (6)
7(:.
s 9T W sax coaWdl [ 2 e fa
F (I ) X"-l-h""" I
Ih Coc-ccmr"d,(z‘,‘
-1 _heox\8
Wih [ ) - o pea) (7)
@*R)" (en) (T8

To simpliiy the following mathematics and the later tabulations,
the factor F' was divided into its tw components, one covering the
correction for the source to the left and the other to the right

F'-F"*Fc.' (8)

In explaining the derivation, FQ will be used, but similar
procedure could be used for F‘_ =
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The factor F% has been plottea for all values of ¢k, and
various values of & 1in Fig, 88 in order to eliminate the
arduous task of solving Eq. (10). The f actor F;, may be obtained
from the same Fig., by determining the value of @ to bhe left
of dA,. As mentioned previously the total correction factor,

F' , 1s equal to FR + Fr . For the s peclal case where the
source 1s entirely on one side and does not extend thru the
origin, Fig. 88 may s till be used. Find the value of F' for

an imaginary source extending from the origin to the beginning
of the actual source and for « second imaginary source extending
from the origin to the end of the real source; then subtract the
former from the latter.

By definition, the factor, F' , multiplied by the intensity

détermined by the chart method, corrects for finite source
length and receiver reflection.
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APPENDIX VII
CORRECTION FOR CHART METHOD

OF RADIATION DISTRIBUTION
TO ACCOUNT FOR REFLECTION (TWO DIMENSIONAL

RECE/IVER

SOURCE
REFLECTOR

Consider the two dimensional case shown in the above
illustration., Energy impinges on point P on the receiver
between the angles ©, , and ©, . A varying percentage of
the rays between these two angles will be reflected from the
surface in accordance with Fresnel's relationship. To account
for this reflection loss, a correction factor was derived as
shown in the following.

Modifying Lambert's Cosine Law to account for reflection,
the energy intensity passing thru the surface at any point P
on the receiver is:

(90 (O
Lo [ mosorr

where

-

dA = %z%%rhg 1?:gnsity passing thru the surface,
4

I 2 intensity of normal incident radiation,
BTU/hr, ft*

r 2 fraction of energy reflected at any indident
angle
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© = angle of incidence

The Fresnel reflection relationship is somewhat complex.
It was found that Eq. (2), simpler in form, could be used with
but 1little error to express the relationship between reflec-
tion and angle of incidence for glass or plexiglas (see Fig.
87 for comparison of the two equations)

r-.o4+.?c($) (2)

MM 0%62) MZ;%O)
a“' = /IwQJQ[%Jr 44{‘9)]

—~7‘I/’“@ ‘%4/ (‘e‘c“edé -

The second term of Eq., (3) can be integrated as 1is,
but for evaluation purposes it proved simpler to express
cos ® 1in infinite series form and then integrate; only
the first few terms are significant.

@ - .qeTan0] . Lg'_ B 0" .
J=.90 _7 %I[ 6. [g g-e.8 do

'3 e,‘ 947 e -
__451,4“.9- 761(:}) ( ”’a' ,%ﬂ A Y 1—7:-8.‘ >]9 (4)
1

The above expression was evaluated for 9 = O and
ranging from O to M4 and the results are presented in
Fig. 89. The graph may be used for all cases, not only
when B, = 0. For these other cases, determine the values
from the chart for ©, and ®, and subtract the former from

the latter.
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APPENDIX VIII
CORRECTION FOR BLOCKAGE

Blockage is herein defined as the percentage of the
total radiationfrom a radiator within a reflector which 1is
reflected back ontu the radiator., If the reflector material
has a 0,0 emissivity and the radiator an emissivity of 1.0
there is not any energy loss involved in blockage. The
energy given off by the radiator, which is blocked, is merely
returned to the radiator. However, the effective radiating
area of the source is decreased by the blockage phenomena,

In Appendix V, it was shown that the radiation received
on dA;from an infinitely long strip source, containing ele-
ments parallel to dA, 1is:

52_ - 1:‘.069,“’%.0‘[» ¢4NI£9;
an

' S 0o

i = I Jg-l‘/; Ceo St Coo ("
h

(Refer to Appendix V for sketch and nomenclature.)

Now consider the infinitely long, narrow strip,/]z g
located on the perimeter of a circular radiator which is
located at the focus of the parabola., The receiver element
dA, is located on the reflector surface.

In order to find the total radiation from the circular
source which will be reflected from dA, back onto the source,
sum up the contribution from each element A f, .

6‘1; Coo ¥ = dt
h
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Because of the properties of thils source=reflector
comblinatlion, only the elements in the angle 21(. (¢90-¢)+ V-
will contrit’mte, [_S (' ‘” v J]

v

&
y‘\«yé
il
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§-lo-§)+vV-$ §- (q0-$)+V-§

Q =Izr_fawc -
2[‘7—0 z"o i qaA,

cf = angle between the normal to dA, and a perpendicu-
lar to the reflector axis

Y = engle at dA, formed by a tangent to the source
and line going through the center of the sourcs.

" V+$-90
a%: 1TI sen -]+ :-TTI‘Q-‘(V.‘-:)

= NI [coo Veos §- i Yaum d ]

v
('I‘ rar¥)tp”

= [ % +ar)- b (-2ax) ] @
dA Cic +02% ) f1+4e2* (4“41 +an ) [1+aer>

AFTR 5874 79




The equation of the parabolic reflector is y = ax’.
Also
dA| = ”,'Ji
e~ dl, = otx I+(“~“4‘Y
= dtJ 1 +(z0r)*
s o \[1+4a02>

neoleals e eZen L. ol o

X,
_;' - TII/ [ ;%QM,\L» e +b)d¢
z Yy L vart
./tw./.w%c
W MW

(-za (& vaxr)= o o) di

MMW AL e delermneincet

by Ao B=0 ,a-u.(‘f 0’
bev&i-’-@z‘)‘:b» =b

Rﬂ"i— rapd)ty - b

2ar
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- 0’ i (o) |

To save computation time, the above equation hes been

solved for all possible values of (b/f), (0 toTI/2), and the
results plotted in Fig. 91,
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APPENDIX IX
SAIPLE CALCULATION FOR EXPERIMENTAL REFLECTOR TESTS

The detailed calculations for run no. 1, Figure 94, are
presented herein.

Predicted Results

The incident radiant energy distribution on a 12 inch
length receiver was determined for an infinitely long radiator
by the semi-graphical method. A design chart, similar to
Figure 82 was constructed for the parabola curve y = +#x<? with
a 0.6 inch circular source at the focus. A sheet of paper,
representing the receiver, was oriented vith respect to the
chart reflector as in the actual test set-up. The intercepted
angle, the angle over vhich the source can be 'seen! directly
or by reflection, was determined at 12 equally spaced stations
on the receiver. The intensity at each station was then

ANGLE oOF
INCLINATIION

~a

——
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determined by Eq. (2) of Appendix IV.

Q = L2 sin 9:] 92
8

The result of this computation is shown in column two of Table I.

The angle, ¢R , shown in the diagram of Appendix V was deter-
mined by trigonometric means for each station. The effective
length of the source was 24.25 inches on each side of the receiver
row of stations. The angle was measured to the center of the
source extreme. Because the source 1s symmetrically located, the
angle ¢ to the left and right are equal. The value of ¢ for each
station is listed in column three of Table I.

The correction for finite length and reflection from the re-
ceiver surface was next determined from Figure 88 for a constant
a = 75°., This is the complement of the angle formed by the re-
celver plane and the centerline of the parabola, the angle of in-
clination. In the derivation of the equation for Figure 88, it
was indicated that @ was an average value of 9| and at each
point. Use of such values ylelded intensity variations twice as
great and average intensities 10% greater than that obtained by
considering @ a constant for any angle of inclination. Because
the latter method agreed so much better with experimental results,
it was used in the comparison. However, it 1s possible that the
variation of absorbed energy is as indicated by the former method
and the conduction of heat within the Plexiglas made the experi-
mental temperature distribution more uniform.

The correction factors, Fl , as determined from Figure 88 and
multiplied by 2 to account for both the left and right sides are
shown in column four,

The product of dA and F', column 5, represents the intensity
of radiant energy, from the source-reflector combination, passing
through the surface of the receiver. For a plexiglas receiver
and low source temperature, it a&so represents the absorbed energy.
The average intensity is .104 x & and the maximum variation is
10/1. The source covering was cRrome-steel. Assuming an effec-
tive reflectivity of reflector of 0.95, a source emissivity of
0.65, the value of W at 640°F is determined as follows:

4
W= eoT* = .95 x.65 x.173 (422)" = 1560 BTU / hr, ft?
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1 2 3 4 5
Station| Q/dA 7 =l - Al
BTU. hr bttt degrees
1 J422x LE Bk 664 .280x 3
2 ¢ 367 6.0 .66/ o244
3 <219 7.8 <664 146
4 .190 9.8 <664, 126
5 .133 1240 .662 .088
6 .133 14.0 662 .088
7 .100 16.2 .66 .066
8 .093 18.3 .66 062
9 .085 20.1 .658 .056
10 .059 22.4 .65/ .038
11 048 24.3 .652 .032
6B .043 26.2 <65 .028
Sum L.254x ¥
Average 104 x %‘-
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lience the average heat absorption is:
: il .u C2 -— h"
= = . 1560 2
Z—. 104 > 104'____— = 8' BTU/ )‘&t

’

Experimental Results
The pertinent test results were as follows:

Room teumperature = 81°F

Average receiver surface temverature rise = 23.50F

llaximum recceiver surface temnerature rise variation = 10.6/1
Source surface temnerature = 60°F

From the above data, tae heat loss from the receiver, and
hence the heat gain by radiation, was determined in the follow-
ing manner. The radiation was assumed to be absorbed in a
very thin layer 2t tihe plexiglas front surface (See Figure 33).

HL -1—-— —""'HR
T

<\t
2

A

o

x

TR - TR
o
be-g-ol

The natural convection coefficient at tie midpoint was calcu-
lated from (Ref. 27):

5 >
h, = ca.za(-‘:‘,}»‘r-)o't BtU /m, 1 °F

The radiation coefficient for the radiation loss from the
surface to the surroundings, is:

o= [ NN EER 3 VR A

T-Te
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The conductivity of plexiglas, & , is 1.5 BTU/hr, ft °F/in

For Tg = (81 4 460) OF and average &T = 23.59F the calcu-
.lated value of (he+he) is 1.91 BTU/hr, £ty OF. lHence the
heat loss to the left is:

H = 1.92 x 23.5 = 45 BTU/hr, ft*

The heat loss to right was solved by a trial and error method.
On the last try, it was assumed that the coubined cocfficient

for the back surface, (he*hr) was equal to 1.34. The back
surface temperature, Ty, was therefore:

k/y
_E_ + (het hr)

,=8l423.5 LS. = q4°F
) +L.84

e )

25

Substituting this temmerature into the equations for he
and hy yields 1.8/, vhich checks vith the original assumption.
Hence the heat loss to the rignt is:

He = (h¢+ hr) aT = 1,84 (94-8!): 33,1 Bﬂ-(/h,.'#,'

T 31 + 23.5

z

H
{

The total loss is therefore:

'
& - Ho+He = 45+33.1 = 781 B¢/ ks
dA,
This compares well with the predicted value. Since these

calculations are falrly rough, the close agreenent in this
particular case is fortuitous.
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ARFENDIX X
REFLECTION FROM A WATER DROPLET

Assume a hemi-spherical shaped water droplet with normal
parallel radiation impinging upon it.

23

S

D
lm

IMPINGING k&

Equal area annular rings, of the projection of the droplet
on a plane perpendicular to the incident radation, will contain
equal amounts of incident energy. For the purposes of this cal-
culation, the projection was divided into ten such equal annular
areas. The ratio of the radius of the center of each of these rings
to the droplet radius is listed in Column 2 of Table I.

The angle of incidence between the radiation path and the
normal to the surface was computed at the center of each of these
annular rings froms

AKWZ¢#M.7Uu$bﬁ%ZC£?\\‘\ INCIDENT RAD/AT/ON

mal
R
_
(= Gn' LR

=ty
The computed angles are listed in Column 3 of the Table. Using
a refractive index of 1.33 for water, the reflection was calculated
from Fresnel's equation (Eq. 4, Section I) for each of these angles
and are tabulated in Column 4. ©Since annular rings were chosen
which had equal amounts of impinging energy, the average value of
Column 4, 6 %, is the average reflection coefficient.
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TABLE I

Bnnular Ring | Ratio of Ring to Angle of Reflection
No. Droplet Radius, r/p | Incidence, 1| Coeffictent
Degrees e
1 .158 9. 2.1
2 + 582 22.5 2.1
3 .498 30 2.1
4 590 36 2.3
5 . 670 42 2.5
6 .741 48 3.0
7 .806 55 4.3
8 .866 60 5.9
9 .922 e7 10.2
10 .974 70 25.7
10 (60.2
Average 6.0 %
AFTR 5874 880
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